The chemisorption of C 2 H 2 and C 2 H 4 on Si͑100͒ is re-examined by first-principles calculations to sort out the relative importance of the intradimer di-and interdimer end-bridge structures. Based on reactive trajectories calculated by ab initio molecular dynamics, we identify a reaction channel by the nudged elastic band method, in which a sublayer Si atom is attacked. In the case of C 2 H 2 adsorption, this channel is barrierless and plays an important role as an intermediate that leads to the relative abundance of the interdimer end-bridge structure. In the case of C 2 H 4 , the channel is not as important due to bond-angle distortions. The formation of intradimer di-structures is preferred, but interdimer end-bridge structures should be a minor product. Scanning tunnel microscope images and vibrational frequencies are also calculated for the identification of these structures in future experiments.
I. INTRODUCTION
The growth of organic layers on Si͑100͒ surface via cycloaddition reaction of unsaturated hydrocarbon molecules onto silicon dimers has been envisioned as a method to make functional semiconductor devices. [1] [2] [3] Acetylene ͑C 2 H 2 ͒ and ethylene ͑C 2 H 4 ͒ are the simplest unsaturated hydrocarbon and have been extensively studied as model compounds for such reactions. It is well understood that silicon dimers are formed on Si͑100͒ after surface reconstruction, with a bond and a weak bond between the two Si atoms, and are therefore considered the reactive centers on the surface. Concerted ͓2+2͔ addition on such a dimer should be symmetry forbidden, according to Woodward-Hoffmann rule. 28, 29 The existence of intradimer di-adsorption products for C 2 H 2 and C 2 H 4 is commonly thought as due to a two-step asymmetric addition. 29 As shown in Fig. 1͑a͒ , a three-atom complex is formed first, bound by a dative bond with the electrondeficient down Si atom, and the intradimer di-product is then formed via such a precursor, which has been identified experimentally by high-resolution electron-energy-loss spectroscopy ͑HREELS͒ for C 2 H 4 and C 2 H 3 Br at low temperature around 48-58 K. 30, 31 Such a two-step mechanism has been explored by many theoretical calculations. 18, 22, [32] [33] [34] Another asymmetric mechanism shown in Fig. 1͑b͒ was suggested by Liu and Hamers 35 in the addition of cis-and transdideuteroethylene. It proceeds via a diradical intermediate rather than a complex, which explains the scanning tunnel microscope ͑STM͒ observation of approximately 2% isomerization of two-butene upon adsorption on Si͑100͒. 36 It was supported by theoretical calculations based on a cluster model. 23, 37, 38 However, such a diradical was not reproduced when a slab model was employed. 22, 34 Recently, a third mechanism was proposed by our group. The concerted ͓2+2͔ addition is possible, in violation of the Woodward-Hoffmann symmetry rule. 39 As conceptualized by Hoffmann, 40 electron transfer could be facilitated along the concerted path when the highest occupied molecular orbital ͑HOMO͒-HOMO and lowest unoccupied molecular orbital Schematics for proposed reaction paths for C 2 H 4 addition on Si͑100͒ to form di-and end-bridge structures. ͑a͒ Intradimer ͓2+2͔ addition via complex ͑P I ͒; ͑b͒ diradical mechanism; and ͑c͒ symmetry forbidden ͓2+2͔ concerted addition, respectively; ͑d͒ interdimer across two adjacent dimer rows via complex ͑P II ͒.
͑LUMO͒-LUMO interactions produce energy levels that cross the Fermi level. However, the concerted mechanism is less important than the -precursor mechanism because the incoming C v C bond must be aligned in parallel to the Si dimer.
The addition of unsaturated C v C bond is not limited to a single Si dimer. It can also be added to one side of two adjacent dimers to produce an interdimer end-bridge structure, which has been observed in recent STM experiments for C 2 H 2 but not for C 2 H 4 . 17, 20, 24 Furthermore, at low coverage C 2 H 2 adsorption, end-bridge structures were found to be more abundant than the intradimer di-structures. 17 Using a slab model, Cho and Kleinman 22 identified the addition barriers for C 2 H 2 and C 2 H 4 from the precursors. In the case of C 2 H 2 , the barrier was almost zero for the intradimer addition and 0.03 eV for the interdimer addition. In the case of C 2 H 4 , the corresponding barriers were 0.02 and 0.12 eV, respectively. These results raised two questions. First, in the case of C 2 H 2 , why experimentally is the intradimer di-structure less abundant than the interdimer end-bridge structure, although theoretically the barrier in the former case is lower? Second, in the case of C 2 H 4 , why is the interdimer end-bridge structure not observed in STM experiment 20 despite the fact that a barrier of 0.12 eV should be easily overcome at room temperature?
In the present paper, we report the results of our efforts to find answers to these two questions. Our calculations are also based on a slab model, but real time ab initio molecular dynamics ͑AIMD͒ are performed to sample reactive trajectories to provide insights into the dynamics of these adsorption. To our surprise, a barrierless reaction channel, with a C 2 H 2 molecule attacking a sublayer Si atom, is identified. This channel is responsible for the abundance of the C 2 H 2 interdimer end-bridge structure. In addition, our simulations indicate that interdimer end-bridge structures should also be observed for C 2 H 4 , despite the fact that the reaction channel is not favorable for the C 2 H 4 adsorption.
II. COMPUTATIONAL DETAILS
Calculations for the total energy and electronic structure are carried out within density-functional theory ͑DFT͒ by using a plane-wave basis set and pseudopotentials for the atomic regions, 41, 42 as implemented in the Vienna ab initio simulation package ͑VASP͒. [43] [44] [45] The setup is similar to our previous studies on Si͑100͒ reactions, 34, 39, 46 with general gradient approximation ͑GGA͒ exchange-correlation functional, 47 Vanderbilt ultrasoft pseudopotentials, 43, 44, 48 and cutoff energy of 300 eV for the plane-wave expansion. The Si͑100͒ surface is modeled by a slab, with a unit cell of the size 7.7ϫ 7.7ϫ 18.0 Å 3 containing five Si layers and a vacuum region of 12 Å. The top of the slab is a p͑2 ϫ 2͒ unit with two asymmetric silicon dimers, while the bottom is saturated by H atoms. This model has been tested and used in a number of previous studies. 18, 22, 34, 39, 46 Structural optimization is stopped after the residual force on each atom is less than 0.04 eV/ Å. The sampling for the Brillouin zone includes a set of eight special k points. The minimum energy reaction path is mapped out with the nudged elastic band method, developed by Jónsson and co-workers. [49] [50] [51] Vibrational frequencies are calculated using the dynamic matrix method. 52 The STM images are obtained for the electron filled states at −1.5 eV bias and calculated within the Tersoff-Hamman approximation. 53 To find if there is any dynamic factor that blocks the formation of the interdimer end-bridge structure in C 2 H 4 adsorption, AIMD trajectories are simulated using the VASP package, with the potential energy and forces on atoms calculated by density-functional theory as specified above. An optimized complex structure as shown in Fig. 1 is first equilibrated at 100 K for 3 ps with a time step of 0.3 fs. Structures are randomly chosen from such an equilibration run and used as the starting geometry for trajectory runs with the temperature raised to 300 K, as controlled by a NoseHoover thermostat. 54, 55 A number of trajectories are also tested at 400 K to see if there is any temperature effect. Each trajectory is terminated after 6000 steps if no reaction takes place. Si and H atoms in the bottom layer are frozen during the AIMD simulations.
With a similar setup, a few trajectories are also simulated for C 2 H 2 adsorption. C 2 H 2 is more reactive and the simulation temperature is lowered to 60 K for the equilibration run and 150 K for the adsorption run.
III. RESULTS AND DISCUSSIONS

A. Sublayer adsorption of C 2 H 2
Two reaction channels have been previously identified for C 2 H 2 adsorption on Si͑100͒, producing the intradimer diand the interdimer end-bridge structures, respectively. 22 The most accessible paths are through the complex, which could actually take two orientations, shown as P I and P II in Figs. 1͑a͒ and 1͑d͒. As listed in Table I , our calculated adsorption energies are in excellent agreement with the previously reported values, while our calculated reaction barriers are only slightly higher due to a more careful geometry search near the transition region. These results support the previous conclusion that the intradimer addition is favored over the interdimer addition.
AIMD sampling of reactive trajectories turns out to be a surprise. Among the limited number of six trajectories starting from P II precursor performed at 150 K, all lead to a structure termed as the subdi-structure in which the C 2 H 2 molecule inserts between a sublayer and a dimer Si atom. Its front and side views are shown in Fig. 2͑a͒ . The process involves the simultaneous formation of two bonds, C1-Si3 and C2-Si2, and the breaking of Si2-Si3 bond. Interestingly, no barrier is found for this reaction, although the adsorption energy at 1.01 eV is lower than that for either the di-or end-bridge structures but higher than that for the precursor P I or P II .
With the breaking of Si2-Si3 bond and the formation of Si2-C2 bond, the interaction in the Si2-Si2Ј dimer is maintained as far as its valence count is concerned, although the Si2-Si2Ј distance is increased from 2.36 to 2.45 Å. On the neighboring dimer, the Si1-Si1Ј distance is only slightly shortened to 2.33 Å. Some distortions are observed in this structure, most notably in the angle Si3-C1-H1 with a value of only 106.4°as compared to an ideal sp 2 value of 120°, which is probably responsible for the high energy of this subdi-structure, relative to the di-and end-bridge structures. Distortions in bond distances and dihedral angles are fairly small, as shown in Fig. 2͑a͒ .
It is commonly assumed that the surface dimer is the most reactive site on Si͑100͒ surface and addition reactions typically involve only the surface dimer silicon atoms. But our results indicate that in the case of C 2 H 2 , the sublayer Si atoms could play a very important role. There is no reaction barrier for the formation of the subdi-structure, which makes it an important intermediate in the adsorption process. Not surprisingly, this channel is observed immediately in our very limited number of AIMD simulations.
As shown in Fig. 2͑a͒ , there is a barrier of 0.44 eV separating the subdi-structure from the more stable end-bridge structure. It indicates that at room temperature it will be converted to the more stable end-bridge structure, while at the same time, it should be possible to isolate such an intermediate at low temperature.
It was reported in an STM experiment 17 that for C 2 H 2 the end-bridge structure was more often observed than the distructure, with an approximate ratio of 5:3, in contradiction to the theoretical results which produced a lower barrier and higher adsorption energy for the di-structure. 22 Our identification of the subdi-structure resolves this puzzle since its formation is barrierless and more favorable than the formation of the di-structure. As far as the STM image is concerned, the simulated image for the subdi-structure is similar to the image of the end-bridge structure, as shown in Fig. 3 . Furthermore, it is an intermediate and is eventually transformed into the end-bridge structure, either by heating or by an STM tip.
B. Sublayer adsorption of C 2 H 4
It is natural to ask whether there is a similar sublayer chemisorption structure for C 2 H 4 . Among the 40 trajectories for the C 2 H 4 adsorption on Si͑100͒, also starting from P II , no sublayer adsorption is observed, although a stable subdistructure can be located by geometric optimization at zero temperature. Its adsorption energy, as listed in Table I , is only 0.23 eV. The transformation from the precursor P II to this structure, as shown in Fig. 2͑b͒ , is actually endothermic by 0.24 eV. Moreover, there is also a barrier of 0.43 eV for its formation, which is therefore more difficult than the C 2 H 2 case.
That C 2 H 4 is less reactive than C 2 H 2 is expected since there is only one bond in C 2 H 4 compared to two bonds in C 2 H 2 . In the C 2 H 4 subdi-structure, the two H-C-Si angles on C1 atom are only 98.7 and 100.6°, significantly distorted from the ideal value of 109.5°for a sp 3 C, which also contributes to its instability. Overall, it is obvious, as shown in Fig. 2͑b͒ , that from the C 2 H 4 P II precursor it is easier to form the end-bridge structure than to form the subdi-structure in sharp contrast to the case of C 2 H 2 .
C. Adsorption of C 2 H 4
With the subdi-structure ruled out for C 2 H 4 adsorption, there are still two possible adsorption structures, the intradimer di-and the interdimer end-bridge structures. Start- ing from a precursor, the barrier is 0.02 eV for the distructure and 0.12 eV for the end-bridge structure, according to the first-principles study by Cho and Kleinman. 22 Our search raises both values to 0.07 and 0.17 eV, respectively, although the difference between the two is again 0.10 eV. There is nonetheless an unresolved puzzle: experimentally, only the di-structure is observed, at room temperature. 20 A difference of 0.10 eV in barrier is hardly enough to account for it. There is another important experimental difference between the C 2 H 4 and C 2 H 2 adsorption on Si͑100͒: the precursor is actually isolated and observed at 48 K for C 2 H 4 but not for C 2 H 2 .
30 This is consistent with the general expectation that C 2 H 2 is more reactive, and our results provide fur- ther details for such a difference. An C 2 H 2 or C 2 H 4 molecule falls onto a dimer Si atom to form a precursor with random orientation, and relative to the dimer bond, both the parallel P I and the vertical P II complexes are possible. In the case of C 2 H 2 , the barrier separating P I from di-is only 0.01 eV, and there is no barrier separating P II from the identified subdi-structure. The C 2 H 2 precursor cannot survive even at low temperature ͑although the subdi-structure can͒. In the case of C 2 H 4 , the barrier separating P I from di-is 0.07 eV rather than the previously reported 0.02 eV. 22 The barrier is 0.17 eV between P II and end-bridge structures, and 0.43 eV between P II and subdi-structures. It is therefore possible to isolate the C 2 H 4 precursors at low temperature. Based on energy barrier alone, both di-and end-bridge structures are possible for C 2 H 4 as a difference of 0.1 eV in barrier is not very significant at room temperature. We actually did 40 AIMD trajectories starting from P II at room temperature. About half the trajectories lead to end-bridge structures and half to di-structures after an initial rotation to form P I . According to our calculation, the rotation barrier between P II and P I is around 0.06 eV. Trajectories starting from P I precursor all lead to the di-structure. While these results indicate that the di-structure is preferred, the presence of end-bridge structure cannot be ruled out for the C 2 H 4 adsorption. This is in agreement with other theoretical studies. 23, 27 The simulated STM images for C 2 H 4 at electron filled state of −1.5 eV are shown in Fig. 4 , and there is a clear distinction between the image for the di-structure and that for the end-bridge structure. For the former, the depression is aligned along the Si dimer; while for the latter, the depression lies between two adjacent dimers. It may well be worthwhile to check whether such end-bridge structures exist at low coverage.
The formation of an end-bridge structure actually produces two Si atoms with dangling bonds, which can be fully saturated by end-bridge adsorption of another C 2 H 4 molecule on the same two dimers. The reaction barrier, as we calculated, is 0.07 eV, which is lower than the barrier of 0.17 eV for the first end-bridge adsorption. Therefore at high coverage, it is reasonable to expect that most of the end-bridge structure would be paired, in agreement with previous theoretical results. 22, 23 As also shown in Fig. 4 , it would be more difficult to tell the difference between the paired-end-bridge structure from the paired-di-structure from the STM images since in both cases the depression covers the area of two adjacent dimers.
We also examined the possibility that the C 2 H 4 endbridge structure could go through two C-H bond dissociations, which produce an end-bridge C 2 H 2 while the dissociated H atoms saturate the two adjacent Si atoms with dangling bonds. According to our calculations, a stepwise dissociation is more favorable than a concerted one, and the calculated barrier is 1.91 eV for the first C-H dissociation and 0.47 eV for the second. The overall process is exothermic by 0.7 eV. A barrier of 1.91 eV cannot be easily overcome at room temperature. Although an STM tip could induce such a process, the simulated image for this structure is quite similar to the C 2 H 4 end-bridge structure as the H atoms on the two Si-H bonds are significantly lower than the C atoms on the end-bridge C 2 H 2 structure.
D. Vibrational analysis
Using HREELS, the vibrational spectra for the C 2 H 4 adsorption structures have been reported before, identifying the presence of the metastable -precursor and stable adsorption structures. 30 We have also calculated the vibrational frequencies for both the C 2 H 4 and C 2 H 2 adsorption structures and found excellent agreement with previous experimental and theoretical results. 30, 56 For C 2 H 2 adsorption, the vibrational frequencies for the identified subdi-structure are calculated and listed in Table  II since it should be possible to isolate such a structure at low temperature. Compared to the di-and the end-bridge structures, the most noticeable difference is in the asymmetric C-H stretching. For subdi-, its value is 2970 cm −1 compared to 3033 cm −1 for the end-bridge structure and 3049 cm −1 for the di-structure. As discussed above, the angle Si3-C1-H1 in the subdi-structure is significantly bent from the ideal value, and as a result the C-H bond is weakened, which is reflected on the lower frequency for the asymmetric C-H stretching.
For C 2 H 4 adsorption, the curious question is whether it is possible to tell the difference between the di-and the endbridge structures by vibrational analysis. Unfortunately the answer is negative as the frequencies are almost the same for these two structures, as shown in Table III . The previous HREELS experimental results, 30 together with the theoretical calculated frequencies of the di-structure, 56 are also listed in Table III .
IV. CONCLUSIONS
Using ab initio molecular dynamics to sample the chemisorption of C 2 H 2 / C 2 H 4 on Si͑100͒, we have identified a reaction channel in which the bond between a surface Si and a sublayer Si is broken, while the surface dimers are maintained. It illustrates that surface reactions on Si͑100͒ are not limited to surface dimer atoms.
This channel should play an important role in the adsorption of C 2 H 2 since it is barrierless. It produces an intermediate subdi-structure, which is less stable than the end-bridge structure but separated from it by a barrier of 0.44 eV. It is therefore possible to isolate the subdi-structure at low temperature. With a distorted H-C-Si angle, its asymmetric C-H stretching frequency is smaller than that for the interdimer end-bridge and intradimer di-structures. Its presence contributes to the abundance of end-bridge structures observed in STM experiment.
The subdi-structure for C 2 H 4 is less favorable due to larger bond-angle distortions around the carbon atoms. The barrier for its formation is larger than that for either the endbridge or the di-structure. However, AIMD trajectories in- dicate that the formation of end-bridge structures should be accessible at room temperature.
